intracellular lipid droplets. LDL may play a major role in promoting foam cell formation by acting as a cholesterol donor during lipid accumulation. Indeed, high serum LDL is correlated with atherosclerosis in humans and experimental animals, and treatments that reduce serum LDL can halt progression of the disease and reduce complications such as myocardial infarction (2) (3) (4) . However, there are currently no medications in use that target the macrophage foam cell directly, and further work is needed to determine the mechanisms responsible for macrophage LDL uptake and cholesterol accumulation in vivo ( 5 ) .
Several pathways have been shown to induce cholesterol accumulation in cultured macrophages. Classically, scavenger receptor-mediated uptake of oxidized or enzyme-modifi ed LDL is cited as a mechanism for foam cell forma tion ( 6, 7 ) . Scavenger receptor-independent mechanisms are also involved in the uptake of some forms of enzyme-modifi ed LDL including secretory phospholipase A 2 -modifi ed LDL ( 8 ) . In addition to chemically modifi ed LDL, aggregated or matrix-associated LDL promotes cholesterol accumulation by stimulating LDL degradation in surface-connected compartments ( 9 ) . There is evidence that various modifi ed LDLs are present in atherosclerotic lesions (10) (11) (12) (13) but macrophage uptake of these ligands has not been shown to be required for foam cell formation in vivo. More recently, a series of studies have demonstrated that native, unmodifi ed LDL induces macrophage lipid accumulation at high concentrations (14) (15) (16) . This accumulation is dependent on the induction of bulk fl uid uptake through macropinocytosis and micropinocytosis and is independent of LDL binding to the LDL receptor and other cell surface receptors Abstract Macrophage foam cells are a defi ning pathologic feature of atherosclerotic lesions. Recent studies have demonstrated that at high concentrations associated with hypercholesterolemia, native LDL induces macrophage lipid accumulation. LDL particles are taken up by macrophages as part of bulk fl uid pinocytosis. However, the uptake and metabolism of cholesterol from native LDL during foam cell formation has not been clearly defi ned. Previous reports have suggested that selective cholesteryl ester (CE) uptake might contribute to cholesterol uptake from LDL independently of particle endocytosis. In this study we demonstrate that the majority of macrophage LDL-derived cholesterol is acquired by selective CE uptake in excess of LDL pinocytosis and degradation. Macrophage selective CE uptake does not saturate at high LDL concentrations and is not down-regulated during cholesterol accumulation. In contrast to CE uptake, macrophages exhibit little selective uptake of free cholesterol (FC) from LDL. Following selective uptake from LDL, CE is rapidly hydrolyzed by a novel chloroquine-sensitive pathway. FC released from LDLderived CE hydrolysis is largely effl uxed from cells but also is subject to ACAT-mediated reesterifi cation. These results indicate that selective CE uptake plays a major role in macrophage metabolism of LDL. . Specifi c activity with respect to the CE or FC content of the radiolabeled LDL was used so that uptake of cholesterol from LDL could be compared with changes in the measured cholesterol content of cells. Specifi c activities were between 2,000-10,000 and 500-1,000 dpm/nmol for 125 I and 3 H, respectively. LDL was aggregated by vortexing at maximum speed for 30 s, resulting in a milky suspension, or was acetylated by repeated addition of acetic anhydride to LDL as previously described ( 37 ) .
Bone marrow-derived macrophage isolation and culture
Murine bone marrow-derived macrophages (BMMs) were obtained from wild-type or class B scavenger receptor-defi cient mice and cultured by standard procedures ( 38 ) . Isolated cells were suspended in medium A [RPMI 1640 plus 15% (v/v) L-cell-conditioned medium (LCM), 10% (v/v) heat-inactivated FBS, 50 IU/ml penicillin G, and 50 µg/ml streptomycin] and plated in 12-well plates (with or without glass cover slips for microscopy and cholesterol content determination, respectively) or in 48-well plates (for radiolabeled LDL uptake experiments). BMMs were cultured in medium A for 7 days before being used for experiments, and culture media was changed on days 3, 5, 6, and 7.
Microscopy and cellular lipid and protein content determinations
For microscopy, BMMs were treated as indicated in the fi gure legends then fi xed for 5 min in freshly prepared 1% paraformaldehyde and stained with Oil Red O. Images were obtained from at least fi ve randomly chosen fi elds for each condition. For cellular lipid determination, lipid was extracted from cells with hexane-isopropanol (3:2), and cells were dried and resuspended in aqueous solution with 1% Triton X-100-H 2 O. TC and FC content (nmol cholesterol/mg cell protein) were determined using Cholesterol E-kits. CE content was calculated as the difference between TC and FC content. Cell protein was determined using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientifi c).
Determination of CE and FC uptake
LDL CE and FC uptake were determined by treating BMMs with radiolabeled LDL, as indicated in the fi gure legends, in medium B [RPMI 1640 plus 15% (v/v) LCM, 0.5% (w/v) FA-free BSA (Sigma), 20 mM HEPES, pH 7.4, 50 IU/ml penicillin G, and 50 µg/ml streptomycin]. After the treatment period, 125 I-LDL uptake, [ 3 H]CEt uptake and selective [ 3 H]CEt uptake were quantifi ed as previously described for HDL CE selective uptake ( 28 ) . Briefl y, cells were lysed by the addition of 0.1 M NaOH, collected, and counted for cell-associated 125 I-LDL. Cell lysates were also used to determine cell protein content (mg/well) by BCA. Culture medium was precipitated with TCA, chloroform was extracted, and the aqueous phase was counted for degraded 125 I-LDL. Lipid was extracted from cell lysates using Dole reagent (isopropanol-heptane-1M sulfuric acid, 40:10:1) and counted for 3 H by scintillation counting. Cellular 3 H (dpm/mg cell protein) was used to quantify CE uptake (nmol CE/mg cell protein). 125 I uptake (dpm/mg cell protein, the sum of cell-associated and degraded 125 I) was used to calculate CE equivalents (nmol/mg cell protein) assuming whole-particle uptake with concomitant CE delivery, as previously validated ( 6 ) . Selective CE uptake was calculated as the difference between total [ 3 H]CEt uptake and the CE uptake equivalents contributed by 125 I-LDL uptake and represents ( 17, 18 ) . Pinocytosis of LDL-sized nanoparticles was demonstrated in atherosclerotic lesions of mice, supporting the potential signifi cance of pinocytosis of native LDL during atherogenesis ( 19 ) .
All of the current proposed mechanisms for macrophage foam cell formation involve intact (whole-particle) LDL uptake. However, CE and free cholesterol (FC) can also be taken up from lipoproteins independently of apolipoprotein by a process called selective lipid uptake. The HDL receptor scavenger receptor class B type I (SR-BI) functions as the major mediator of selective uptake from HDL in hepatocytes and steroidogenic cells ( 20 ) . However, other mechanisms have been shown to be involved in selective CE uptake in other cell types (21) (22) (23) . Importantly, macrophages exhibit SR-BI-independent selective CE uptake from both HDL and LDL (24) (25) (26) (27) (28) . Selective lipid uptake is enhanced in atherosclerotic lesions of mice, indicating that macrophage selective uptake may be important during foam cell formation in vivo ( 29 ) . However, a role for selective CE uptake in macrophage cholesterol accumulation from LDL has not been established. In this study, we investigate the uptake and metabolism of CE from native LDL during macrophage foam cell formation.
MATERIALS AND METHODS

Animals and reagents
Mice were housed in the Veterans Affairs Medical Center (Lexington, KY) and all experiments were approved by the Institutional Animal Care and Use Committee. Animals were maintained in a pathogen-free facility with a 12 h light/dark cycle and free access to food and water. SR-BI-null mice were obtained from Monty L. Krieger (MIT; Cambridge, MA) ( 30 ), and were bred together with wild-type control mice from a common mating pair of SR-BI heterozygous (SR-BI +/ Ϫ ) mice. CD36-null mice were obtained from Roy L. Silverstein (Cleveland Clinic; Cleveland, OH) ( 31 
Lipoprotein isolation, characterization, radiolabeling, and modifi cation
LDL ( = 1.019-1.063 g/ml) and HDL ( = 1.063-1.21 g/ml) were isolated from human plasma by density gradient ultracentrifugation ( 32 ) . Human HDL was subfractionated to obtain HDL 3 ( = 1.13-1.18 g/ml). Protein concentrations were determined by the method of Lowry et al. ( 33 ) , and TC, FC, and CE content using Cholesterol E-kits. Lipoproteins were analyzed by SDS-PAGE and nondenaturing gradient gel electrophoresis. LDL was 125 iodinated by the iodine monochloride method ( 34 ) . To measure LDL CE uptake, [ 3 H]CEt or [ 3 H]CE were incorporated into 125 I-LDL using the CETP method as previously described ( 35 ) . Alternately, to measure LDL FC uptake, [ 3 H]FC droplets. Cholesterol quantifi cation showed that cellular TC increased 1.5-to 3-fold over baseline in these conditions ( Fig. 1B ) . CE was not detected in untreated cells, but accumulated in cells treated with LDL in a nonsaturating, linear manner with respect to LDL concentration. FC accumulation was less pronounced and exhibited saturation, with a near-maximal level of FC observed in cells treated with 250 µg/ml LDL.
Macrophage selective CE uptake from native LDL
To investigate the pathway involved in LDL-induced cholesterol accumulation, the rates of uptake of LDL CE and LDL protein were quantifi ed ( Fig. 2 ). This was carried out using [ 3 H]CEt/ 125 I double-labeled LDL (tracers for the CE and protein components of LDL, respectively), as previously reported ( 25 ) . [ 3 H]CEt is a nonhydrolyzable analog of CE that is intracellularly trapped and commonly used to measure selective CE uptake. BMMs were treated with 250, 500, or 1,000 µg/ml double-radiolabeled LDL, conditions that induced foam cell formation (see Fig. 1 ). Following treatment of macrophages with radiolabeled LDL, cellular 3 H dpm was used to determine CE uptake (expressed as nmol CE/mg cell protein), whereas 125 I was used to calculate CE uptake equivalents assuming whole-particle LDL uptake as described in Materials and Methods. CE uptake that cannot be accounted for by whole-particle uptake. The same calculation was used to quantify CE and FC uptake in cells treated with 
TLC and CE hydrolysis assay
After treatment in medium B, as indicated in the fi gure legends, BMMs were washed and lipid was extracted from cells with hexane-isopropanol (3:2) and culture media (with Dole reagent) and dried overnight. Cell lysates and aliquots from culture media were used for determination of 125 I association, degradation, and uptake. The next day, lipid extracts were resuspended in chloroform containing FC and CE (cholesteryl oleate) standards. An aliquot of this solution was removed and counted to determine total 3 H for each sample. The remainder was spotted onto silica-coated PVC TLC plates and developed for 15 min with hexane-diethyl ether-acetic acid (60:40:1). CE and FC spots were visualized by iodine, cut out, and counted in scintillation fl uid. The fraction of 3 H dpm in the CE and FC spots was determined for each sample and multiplied by the total 3 ]oleic acid was mixed with unlabeled oleic acid to a fi nal specifi c activity of 1 µCi/mmol, saponifi ed, and complexed to BSA as previously described ( 6 ) . To measure incorporation of [ 14 C] oleate into cellular CE, cells were treated with [ 3 H]CE-LDL in medium C [RPMI 1640 plus 15% (v/v) LCM, 0.2 mM [ 14 C]oleate complexed to 0.5% w/v BSA, 20 mM HEPES, pH 7.4, 50 IU/ml penicillin G, and 50 µg/ml streptomycin) as indicated in the fi gure legends. After treatment, lipid was extracted from cells, dried and separated by TLC as described for CE hydrolysis determinations. CE, trigylceride, FA, and FC spots were visualized by iodine, cut out, and counted for both 3 H and 14 C.
Statistics and data analysis
Results are expressed as the mean ± SEM as indicated in the fi gure legends. Where not visible, error bars are contained within the symbols for results with n у 3. Statistical analysis was done when appropriate using unpaired, two-tailed t -tests. Best-fi t curves were generated using GraphPad Prism4 software.
RESULTS
Native LDL and macrophage foam cell formation
Native LDL has been shown to induce cholesterol accumulation in human monocyte-derived macrophages ( 14 ) . In the current study, murine BMMs also accumulated cholesterol during treatment with native LDL ( Fig. 1 ). Oil Red O-positive lipid droplets were observed when macrophages were treated for 24 h with 250 µg/ml LDL ( Fig. 1A ) . Higher concentrations resulted in large increases in the number of CEt uptake, also shown in Fig. 2C (a magnifi cation of Fig. 2B ), was more than 12-fold higher than 125 I-LDL CE uptake (42.41 versus 3.49 nmol CE/mg cell protein/h, respectively), suggesting that selective CE uptake was not subsequent to rapid LDL particle uptake and retro-endocytosis. Total CE uptake after 24 
Effect of cholesterol loading on selective CE uptake
Cellular cholesterol content is controlled by the coordinate regulation of lipoprotein uptake, cholesterol synthesis, and cholesterol effl ux. Therefore we tested whether prior cholesterol loading might affect CE uptake from LDL ( Fig. 2D ). Cholesterol accumulation was induced by pretreating cells for 24 h with 500 µg/ml LDL (shown in Fig. 1 to cause cholesterol accumulation) or 25 µg/ml acetylated LDL (acLDL). At the end of this treatment, lipid droplets were visible in LDL-and acLDL-pretreated cells when viewed by phase-contrast microscopy (data not shown). However, cholesterol loading did not lead to a reduction in [ 3 H]CEt or 125 I-LDL uptake, both of which increased in cholesterol-loaded cells. Fig. 3A ). In addition, macrophage [ 3 H]FC accumulation was almost completely accounted for by wholeparticle 125 I-LDL uptake, with little selective FC uptake ( Fig. 3B ). Selective uptake of CE but not FC from LDL was observed in repeated experiments at LDL concentrations ranging from 250 to 1000 µg/ml LDL (data not shown). Together, these results demonstrated that selective CE uptake is responsible for the majority of cholesterol uptake during foam cell formation from LDL.
Comparison of CE uptake and FC uptake from LDL
Effect of LDL modifi cation and scavenger receptor defi ciency on selective CE uptake
Physical or chemical modifi cation of LDL enhances its binding and degradation by macrophages ( 39, 40 ) . To study the effect of LDL modifi cation on selective CE uptake, BMMs were treated with native or modifi ed LDL as previously described ( 7 ) using low concentrations (10 µg/ml) to study the high-affi nity interactions known to be involved in macrophage uptake of modifi ed LDL ( Fig. 4 ). Consistent with previous reports, we found that endocytosis of acLDL or agLDL, respectively, as measured by 125 I, was greatly increased compared with native LDL ( Fig. 4A ) . 125 I-LDL uptake was enhanced approximately 7-and 16fold by aggregation or acetylation of LDL, respectively. However, compared with native LDL, the relative contribution of selective CE uptake from modifi ed LDL was either largely abolished (agLDL) or signifi cantly reduced Total CE uptake in BMMs ([ 3 H]CEt) was more than 3.5 times greater than CE contributed by whole-particle uptake (i.e., CE uptake equivalents determined from cellassociated and degraded 125 I-LDL), indicating signifi cant selective CE uptake ( Fig. 2A-C ) . The basic fi nding of macrophage-selective CE uptake from LDL was consistently observed in multiple experiments using six separate LDL preparations. Selective CE uptake from LDL was also observed in cultured mouse peritoneal macrophages (see supplementary Fig. I ). Macrophage CE uptake was linearly proportional to the LDL concentration and did not exhibit saturability at high concentrations ( Fig. 2A ). As LDL concentration increased, the ratio of 3 H to 125 I uptake increased from 3.5:1 to more than 8:1, due to partial saturation of the 125 I-LDL uptake process. When macrophages were treated with 250 µg/ml LDL, the time course of [ 3 H] CEt uptake was characterized by a rapid initial rate that decreased with time to reach a constant rate within 4 h ( Fig. 2B ) . Thereafter, accumulation of 3 H was constant with time for up to 24 h with no indication of down-regulation. In contrast, 125 I-LDL uptake exhibited a singlephase, linear uptake. The majority (>90%) of 125 I taken up was degraded and released from cells within 24 h (data not shown), consistent with a process of whole-particle endocytosis and delivery to lysosomes. The initial rate of [ 3 H] inhibitor of actin polymerization (see supplementary Fig. II ) . These data indicated that selective CE uptake from LDL is largely independent of actin polymerization and fluid-phase pinocytosis.
LDL CE hydrolysis
CE derived from lipoproteins through endocytosis is typically hydrolyzed and incorporated into cellular cholesterol pools before it can be reesterifi ed in lipid droplets ( 6 ( 20, (41) (42) (43) . However, CE uptake was not impaired in BMMs from SR-BI-defi cient, CD36-defi cient, or SR-BI/ CD36 double-defi cient macrophages ( Fig. 4B ).
Role of actin polymerization-dependent pinocytosis in selective CE uptake
Macrophage LDL endocytosis during foam cell formation was previously shown to be dependent on fl uid-phase pinocytosis and was inhibited by cytochalasin D, an inhibitor of actin polymerization ( 17 ) . Consistent with this, we found that cytochalasin D blocked 125 I-LDL uptake by >75% ( Fig. 5A ). Cytochalasin D also blocked 125 I-BSA uptake (a marker of fl uid-phase pinocytosis) by >50% ( Fig. 5B ) . In contrast, selective [ 3 H]CEt uptake was only modestly reduced (<35%) by cytochalasin D ( Fig. 5C ). In three independent experiments, cytochalasin D reduced 125 I-LDL uptake by 62.5 ± 13.5% and [ 3 H]CEt uptake by 27.6 ± 8.6%, a difference that was statistically signifi cant ( P < 0.05). This distinct pattern of inhibition was also conserved at a range of LDL concentrations (250-2,000 µg/ml) and during a time course of LDL CE uptake up to 24 h (data not shown). A similar result was obtained with latrunculin B, another These data indicated that selective CE uptake into macrophages is followed by rapid CE hydrolysis and signifi cant release of newly generated FC from cells.
Involvement of acid and neutral lipase activity in LDL CE hydrolysis
The contributions of acidic lipase and neutral cholesteryl esterase to LDL-derived CE hydrolysis were investigated using the inhibitors chloroquine and UBP, respectively ( 45, 46 ) . Macrophage LDL apolipoprotein degradation (measured as µg 125 I-LDL protein/mg cell protein) involves acid proteases and is inhibited by chloroquine ( 47 ) . Consistent with this, chloroquine signifi cantly reduced ( Fig. 6C ) , consistent with substantial selective CE uptake.
Because [ 3 H]CEt uptake was not signifi cantly less than [ 3 H]CE uptake in previous experiments (see Fig. 3A ), it was expected that CE hydrolysis and effl ux occurred after uptake into cells. To confi rm this, macrophages were pulsed for 30 min with 250 µg/ml [ 3 H]CE/ 125 I-LDL, washed thoroughly, and chased with unlabeled LDL ( Fig. 7 ) . LDL-derived [ 3 H]CE diminished rapidly during the chase period, with a half-time of about 30 min, and this was accompanied by an increase in [ 3 H]FC in both cells ( Fig. 7A ) and culture medium ( Fig. 7B ) Fig. 6B , >50% in 24 h) . In a separate experiment using a standard cholesterol effl ux assay, effl ux of cellular [ 3 H]FC to LDL was found to be comparable to effl ux to apo-equivalent amounts of HDL (see supplementary Fig. III ) , confi rming previous reports of signifi cant macrophage cholesterol effl ux to LDL ( 44 ) . This indicated that chloroquine inhibited CE uptake but not LDL particle uptake, supporting the hypothesis that a portion of CE is taken up from LDL by a mechanism that is distinct from the 125 I-LDL endocytosis and lysosomal delivery pathway. In contrast to chloroquine, the neutral cholesteryl esterase inhibitor UBP had no effect on LDL degradation and only a modest effect on [ 3 H]CE uptake and hydrolysis ( Fig. 8A, B , respectively). UBP was shown to block the hydrolysis of intracellular CE from lipid-loaded cells (see supplementary Fig. IV ) , confi rming that UBP was an effective inhibitor of neutral cholesteryl esterase activity in BMMs. These data, therefore, implicated the involvement of acid but not neutral hydrolase activity in LDL-derived CE hydrolysis during foam cell formation. Fig. 9A ). At the same LDL concentration, LDL CE contributed more to cellular [ 3 H]CE accumulation than did LDL FC ( Fig. 9A , left panel) . As expected, CI-976 almost completely inhibited formation of [ 3 
ACAT-dependent reesterifi cation of cholesterol derived from LDL CE
H]CE in cells treated with [ 3 H]FC-LDL. CI-976 also partially inhibited accumulation of [ 3 H]CE during treatment with [
3 H]CE-LDL, indicating that a portion of [ 3 H]CE was generated by ACAT-mediated reesterifi cation. This effect did not reach statistical signifi cance, but a similar magnitude of inhibition with statistical signifi cance was observed in a second experiment which did not include the comparison to [ 3 H]FC-LDL (data not shown). As observed in Fig. 3 , total [ 3 H]CE uptake from LDL was greater than [ 3 H]FC uptake, and uptake was not affected by ACAT inhibition ( Fig. 9A , right panel) .
ACAT-mediated esterifi cation was also investigated by quantifying incorporation of [ 14 C]oleate into cellular CE as described in Materials and Methods ( Fig. 9B ). Treatment with either 1,000 µg/ml [ 3 H]CE-LDL or 50 µg/ml [ 3 H]CE-acLDL signifi cantly increased [ 14 C]CE generation in BMMs compared with cells not treated with lipoproteins (data not shown). As expected, [ 14 C]CE for ma tion was almost completely blocked by CI-976 ( Fig. 9B ) ( Fig. 9C , left panel) . A similar result was obtained with cells treated with [ 3 H]CE-acLDL ( Fig. 9C , right panel) . These results suggested that the native LDL in foam cell formation ( 6 ) . In the current investigation, we observed that high-concentration LDL induces foam cell formation in murine BMMs, similar to previous reports in human macrophages ( 14 ) . As described in the earlier studies, lipid accumulation from native LDL is a low-affi nity process, with lipid droplet formation occurring at 250-1,000 µg/ml LDL or higher ( Fig. 1 ) . These results support the hypothesis that during hyperlipidemia, native LDL may contribute to macrophage cholesterol accumulation.
The initial goal of the current study was to defi ne macrophage CE uptake during lipid accumulation from native LDL. Previous investigations demonstrated that LDL particles are taken up and degraded by macrophages as quantity of cholesterol derived from selective CE uptake is suffi cient to explain FC and CE accumulation during macrophage foam cell formation.
DISCUSSION
Atherosclerosis is associated with elevated plasma LDL cholesterol levels, often more than 150 mg/dl LDL-C (greater than 1,000 µg/ml LDL). LDL accumulates at even higher levels in the arterial intima, where foam cells develop ( 48, 49 ) . Therefore, studies of lipoprotein receptors carried out at very low lipoprotein concentrations may not accurately refl ect disease conditions related to atherosclerosis and could have led to an underestimation of the role of because they demonstrate that [ 3 H]CE uptake is a unidirectional process and not a refl ection of simple radioisotope exchange resulting from a reversible CE uptake process. Irreversible, unidirectional CE uptake suggests cellular internalization. Although endocytosis of LDL particles could not account for CE uptake in this study, it is possible that one or more endocytic processes are involved in the selective CE uptake mechanism. One possibility is that CE is fi rst transferred from LDL to the macrophage plasma membrane and subsequently sequestered and internalized within the membranes of endocytic vesicles. In support of this, LDL ]CE generation and cellular cholesterol mass, provided strong evidence that cholesterol from LDL CE uptake contributed to FC and CE accumulation in BMMs. One limitation of the current study was that it was not possible to distinguish cholesterol derived from LDL endocytosis from that acquired by selective CE uptake. While providing less cholesterol to macrophages than selective CE uptake, whole-particle uptake of LDL could theoretically contribute enough cholesterol to account for the observed CE accumulation induced by LDL, assuming markedly different traffi cking of cholesterol compared with the selective CE uptake pathway. Therefore, our results do not rule out the possibility that cholesterol derived from pinocytic uptake of LDL particles is responsible for foam cell formation during treatment with LDL as previously proposed ( 17 ) . Strategies for specifi c pharmacologic and/or genetic inhibition of selective LDL CE uptake are needed to confi rm the contribution of this pathway to macrophage foam cell formation.
In Figs. 1, 2 ) . These results demonstrate that an accurate determination of the rate of CE uptake requires consideration of the magnitude of FC effl ux, especially at relatively high LDL concentrations. In addition to controlling cellular cholesterol content, macrophage cholesterol effl ux is recognized as a key step in reverse cholesterol transport and may impact the removal of cholesterol from atherosclerotic part of receptor-independent pinocytosis ( 17 ) , but these reports did not quantify CE uptake and therefore did not address the possible contribution of selective CE uptake to cholesterol accumulation induced by native LDL. Our results demonstrate that the majority of cholesterol taken up from LDL is acquired by selective CE uptake in excess of LDL pinocytosis and degradation. Specifi cally, a traditional endocytic model cannot explain the following observations: 1 ) the quantity of [ I-LDL uptake. Together, these results provide strong evidence that a distinct selective CE uptake pathway contributes to macrophage cholesterol uptake from LDL. This is the fi rst report demonstrating selective CE uptake during macrophage foam cell formation. Results therefore extend previous observations of macrophage selective CE uptake from LDL ( 25, 26 ) and emphasize that macrophage selective CE uptake is predominantly a lowaffinity, high-capacity process. The current results also demonstrate that macrophage selective CE uptake from LDL is independent of scavenger receptors, as we and others demonstrated for HDL selective CE uptake ( 27, 28 ) . Macrophage selective CE uptake was previously reported to be down-regulated by cholesterol loading ( 26 ); however, we found that prior cholesterol loading did not reduce selective CE uptake. Rather, [ 3 H]CEt accumulated with time in a nonsaturating, linear manner during foam cell formation. This difference could be because cholesterol accumulation was induced in the previous study by ACAT inhibition or cholesterol-saturated methyl-␤ -cyclodextrin, whereas the current study used native or acetylated LDL. Cholesterol accumulation from lipoproteins including native LDL is likely to be more relevant to the regulation of macrophage selective uptake than the treatments used previously. In addition, several reports indicated that selective CE uptake may be a bidirectional exchange process in macrophages and other cell types ( 50, 51 ) , but the current results demonstrate that after transfer to macrophages, CE is effi ciently hydrolyzed and not released into the medium as CE. This difference could be due to the much lower LDL concentrations used in previous studies reporting bidirectional selective CE uptake, or to differences in the reversibility of [ lesions ( 55, 56 ) . It was previously reported that LDLderived cholesterol is more effi ciently released from macrophages than acetylated LDL-derived cholesterol, a fi nding attributed to distinct intracellular traffi cking of internalized lipoproteins ( 57 ) . The current results suggest that the greater effl ux of cholesterol derived from LDL CE is more likely to be related to differences between the selective CE uptake pathway and the classic endocytic pathway. Although selective CE uptake may promote macrophage cholesterol accumulation, it is interesting to consider that this process may also facilitate reverse cholesterol transport by linking LDL CE hydrolysis to cholesterol effl ux to HDL and other extracellular acceptors.
In summary, we show that selective CE uptake contributes the majority of macrophage cholesterol uptake during treatment with high concentrations of native LDL. Following uptake, CE is rapidly hydrolyzed in a chloroquine-sensitive pathway and contributes to cellular FC and CE accumulation. These results indicate that selective CE uptake plays a major role in macrophage metabolism of LDL.
